Ataxia telangiectasia (A-T), a rare autosomal recessive disorder characterized by progressive cerebellar degeneration and a greatly increased incidence of cancer among other symptoms, is caused by a defective or missing ataxia telangiectasia mutated (ATM) gene. The ATM protein has roles in DNA repair and in the regulation of reactive oxygen species (ROS). Here, we provide, to our knowledge, the first evidence that NADPH oxidase 4 (NOX4) is involved in manifesting A-T disease. We showed that NOX4 expression levels are higher in A-T cells, and that ATM inhibition leads to increased NOX4 expression in normal cells. A-T cells exhibit elevated levels of oxidative DNA damage, DNA double-strand breaks and replicative senescence, all of which are partially abrogated by down-regulation of NOX4 with siRNA. Sections of degenerating cerebelli from A-T patients revealed elevated NOX4 levels. ATM-null mice exhibit A-T disease but they die from cancer before the neurological symptoms are manifested. Injecting Atmnull mice with fulvene-5, a specific inhibitor of NOX4 and NADPH oxidase 2 (NOX2), decreased their elevated cancer incidence to that of the controls. We conclude that, in A-T disease in humans and mice, NOX4 may be critical mediator and targeting it will open up new avenues for therapeutic intervention in neurodegeneration.
ataxia telangiectasia | NOX4 | ROS | neurodegeneration | DNA damage A taxia telangiectasia (A-T) is a fatal autosomal recessive disorder due to a defective ATM protein. In A-T patients, death usually occurs from progressive cerebellar degeneration (1, 2) , whereas Atm-null mice usually die between 2 and 3 mo of age from lymphomas possibly before cerebellar degeneration has a chance to set in (3, 4) . Many studies have suggested oxidative stress as a major factor for the progression of cerebellar degeneration (1, 5) . Recently, ATM was found to regulate the levels of reactive oxygen species (ROS) in mammalian cells (6) but the source of this ROS remains unclear. Although mitochondrial leakage has been suggested as the primary ROS source, other work indicates that alternative uncharacterized sources may be important (7) .
One alternative source of ROS is NADPH oxidase, an enzyme which transfers an electron from NADPH to molecular oxygen to generate superoxide anion, which in turn gives rise to the other forms of ROS (8) (9) (10) . The NADPH oxidase (NOX/DUOX) family consists of seven homologs named NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1, and DUOX2. Although most NADPH oxidases are found at different cell locations and induced by specific functions (9), NADPH oxidase 4 (NOX4) constitutively produces ROS in close proximity of the nucleus in a large range of human cell types (11) (12) (13) . Thus, NOX4 is a good candidate for ROS-induced DNA damage. In addition, NOX4 has been described as a key player in senescence, one of the features exhibited by A-T primary cells (12, 14) . In this study, we provide, to our knowledge, the first evidence of a critical role for NADPH oxidase (NOX4) in phenotypes exhibited by A-T patient cells as well as in cerebellar degeneration associated with the disease.
Atm-null mice manifest the disease differently than humans, typically dying from lymphoma. ATM-deficient mice fed with antioxidants lived longer, exhibited a reduced incidence of lymphoma and showed mitigated loss of hematopoietic stem cells compared with controls (15, 16) . We show here that Atm-null mice also exhibit a reduced incidence of lymphoma when given fulvene-5, a known inhibitor of NOX4 (17) . Thus, down-regulation of NOX4 ameliorates the detrimental effects of ATM loss in both human cells and in mice.
Results and Discussion NOX4 and ROS in A-T Fibroblasts. The ataxia-telangiectasia mutated (ATM) protein kinase is a sensor for reactive oxygen species (ROS) levels among other functions (6, 18) . Patients with A-T lack functional ATM protein and their cells exhibit higher ROS levels (6, 19) . Although mitochondrial dysfunction has been an obvious potential source of oxidative stress in A-T cells, evidence is sparse. Another potential ROS source that has been previously unexplored is NADPH oxidase 4 (NOX4). Several findings make it a good candidate. First, NOX4 is constitutively expressed and active in a large range of cells (9); second, it is localized to the immediate environment surrounding the nucleus so that ROS generated there could be responsible for the increased levels of oxidative DNA damage found in A-T cells (11) (12) (13) ; third, NOX4 has been found to be involved in senescence, a major phenotype exhibited by primary A-T cells (12, 20, 21) .
Significance
Ataxia telangiectasia (A-T) is a rare, autosomal recessive disorder characterized by progressive cerebellar degeneration. Oxidative stress is one cause of the symptoms of A-T disease. We report that inactivation of NADPH oxidase 4 (NOX4) reduced ROS, oxidative DNA damage, DNA double-strand breaks and replicative senescence in A-T primary cells. Analyses of A-T patients revealed elevated levels of NOX4 in the cerebellum that also correlated with increased levels of DNA damage and apoptosis. These observations were substantiated by the absence of abnormal NOX4 cerebellar expression in mouse models of A-T disease which do not display cerebellar degeneration. However, injecting A-T mice with NOX4 inhibitor decreased their elevated cancer incidence. Therefore, NOX4 appears as a critical mediator in A-T disease.
In line with these findings, we hypothesized that NOX4 may be at least in part responsible for the chronic oxidative stress and the subsequent phenotypes of A-T disease. When we measured NOX4 protein in fibroblasts from normal and A-T patients, the relative levels were found to be elevated in the A-T cell cultures by immunofluorescence staining and immunoblotting ( Fig. 1 A  and B) . Additional experiments showing NOX4 antibody specificity are compiled in Fig. S1 . To clarify whether the elevated NOX4 protein and/or mRNA levels were linked to ATM activity, normal fibroblasts were treated with the ATM-specific inhibitor (KU55933). Immunofluorescence (Fig. 1C), immunoblotting, (Fig.  1D) , and RT-PCR (Fig. 1E ) all confirmed that lowered ATM activity led to elevated NOX4 protein and mRNA levels. Furthermore, when ATM was down-regulated by siATM, NOX4 levels increased (Fig. 1F) . Taken together, these results provide strong evidence that ATM down-regulation leads to NOX4 up-regulation.
Along with their continuous state of oxidative stress, A-T fibroblasts exhibit genetic instability. In Atm-deficient mice, the antioxidant N-acetyl cysteine was shown to lower the amounts of carcinogenesis-associated DNA deletions and oxidative DNA damage (22) . Similarly, a diet containing the antioxidant tempol resulted in reduced levels of tissue oxidative damage in these mice (23) .
As NOX4 has been shown to constitutively generate ROS (9, 24, 25), we examined the effect of NOX4 down-regulation on the intracellular ROS levels in A-T fibroblasts using an oxidant sensitive indicator dye. As expected the ROS levels in the A-T fibroblasts were higher than in normal controls, but when NOX4 levels were lowered with siNOX4, the A-T cells exhibited a significant reduction of ROS levels ( Fig. 2 A and B) . Similar results were obtained using dihydroethidium (DHE) as indicator of superoxide anion, and by expression of an inactive dominant negative form of NOX4, NOX4 DN in cells (26) (Fig. S2) . Next, to examine whether variations in NOX4 levels affected their DNA damage levels, we incubated A-T and control cells with siNOX4 ( Fig. 2C) . A-T cells exhibited approximately 10-fold elevations in 8-OH deoxyguanosine levels compared with control cells, and the silencing of NOX4 expression led to a 60% reduction in these levels, indicating that the elevated levels of oxidative DNA damage in A-T cells are at least partially due to the increased activity of NOX4. These observations were substantiated by increase of 8-OH deoxyguanosine levels in DNA from A-T cells using ELISA (Fig. S3A ). To confirm this finding, we measured Fpg-specific DNA lesions, which form at 8-OH deoxyguanosine and other oxypurine residues, using the comet assay. A-T cells exhibited levels of oxypurines nearly 1.5-2 times higher than control cells, levels that were reduced by 40% when A-T cells were transfected with siNOX4 (Fig. 2D) , confirming that NOX4-derived ROS led to increased levels of oxidative DNA lesions in A-T cells. Furthermore, NOX4 silencing was found to reduce the amount of the phosphorylated histone H2AX (γ-H2A.X) used as a marker for DNA double-strand breaks in A-T primary fibroblasts (Fig. S3B) . These results suggest that the reduced levels of oxidatively induced DNA lesions resulting from NOX4 inactivation lead to decreases in DNA breaks including double-strand breaks as the cell's DNA repair capacity is less overwhelmed (27) .
NOX4, Replication, and Senescence in A-T Fibroblasts. As previously reported, loss of ATM impairs proliferation of mouse astrocytes and embryonic fibroblasts (28, 29) . In addition, ATM-deficient mouse T cells exhibit increased levels of apoptosis, which can be decreased by scavenging ROS with N-acetyl cysteine (30) . Human primary A-T fibroblasts were also found to exhibit increased replicative senescence (31) . A-T primary fibroblasts exhibited greatly decreased rates of proliferation relative to the controls, which were partially restored due to NOX4 inactivation by siRNA (Fig. 3A) . Direct microscopic observations of the A-T cultures confirmed that cell density was increased in cultures incubated with siRNA against NOX4 (Fig. S4A) , indicating that NOX4-dependent ROS generation participates in the growth defect exhibited by A-T cells. As a further confirmation, DNA replication was assessed by BrdU incorporation between the third and fourth day after NOX4 inactivation. The relative proportion of A-T cells incorporating BrdU doubled in the cells inactivated for NOX4 (Fig. 3B) . Inactivation of NOX4 in A-T cells also resulted in decreased levels of SA β-galactosidase staining (Fig. 3C) . Another senescence marker is the presence of PML bodies (12, 32) . PML bodies become larger and more numerous as cells enter senescence. Our results revealed that A-T cells contained a nearly 50% greater fraction of cells with PML bodies compared with controls, and that NOX4 down-regulation prevented most of that increase (Fig. 3D ). These observations were confirmed by the measurement of nuclear area occupied by PML bodies (Fig. S4B) . These results indicate that scavenging NOX4-derived ROS alleviates replicative senescence, a hallmark of A-T cells (31) . These findings are in line with previous observations that premature senescence in Atm-deficient mouse embryonic fibroblasts is prevented by the treatment of cells with antioxidant (29) , and support the notion that ROS generation is causative for senescence (33) . Taken together, our results suggest that the inability of A-T cells to respond properly to NOX4-derived ROS levels underlie at least in part their proliferation defect and subsequent senescence. NOX4 in A-T Patients. Clinically, A-T is a neurodegenerative disorder that prominently involves the progressive degeneration of Purkinje and granule cells in the cerebellum (34) . Neurological deterioration is the major cause of death in A-T patients (2). Many studies have suggested a crucial role for oxidative stress in the symptoms of A-T disease, neuronal degeneration, and premature aging (1, 18, 23, 35, 36) . An important question is whether NOX4 levels may be at least partially responsible for cerebellum degeneration in A-T patients. We analyzed NOX4 expression levels by immunohistochemistry in brain tissues from A-T patients. As expected, the density of molecular layer along with the number of Purkinje and granules cells were markedly reduced in A-T specimens compared with the controls. NOX4 exhibited higher expression levels in most of the seven A-T patients (Fig. 4A) with a nearly fivefold increase in the number of Purkinje and granules cells displaying NOX4 staining. These observations indicate that NOX4 is highly up-regulated in the cerebellum of A-T patients. Furthermore, NOX4 expression correlated with increased levels of DNA damage and apoptosis as evidenced by the extent of phosphorylated amounts of histone H2A.X (γ-H2A.X) and cleaved caspase 3 respectively (Fig. 4B) . Most importantly, the NADPH oxidase 2 (NOX2), which has been described in the cerebellar granule neurons (37), did not exhibit differential expression between controls and A-T specimens (Fig. S5A) . Using Pearson correlation coefficient, the expression intensity of NOX4, γ-H2A. X, and Cleaved Caspase 3 statistically correlated across all samples (Fig. 4C) . These results were confirmed by immunohistochemistry, which revealed higher expression levels of these proteins in Purkinje and granules cells of A-T patients (Fig. S5B) . In contrast, NOX4 expression remained unchanged in the cerebrum tissues from the same specimens (Fig. 5A and Fig. S5C) , suggesting that NOX4 overexpression may lead to the persistent increase in DNA damage and apoptosis, mainly in the cerebellum of A-T patients. These observations strengthen the evidence that the cerebellum is the primary site of the degenerative process in A-T disease (34) .
The lack of ATM in mice results in a phenotype that differs from the human disease in significant ways. Although, in humans, the mortality of A-T patients is due to neurological disease, in mice it is due to cancer. It is widely established that there is no gross cerebellum degeneration in Atm-knockout mice (38, 39) . Although NOX4 is prominently expressed in the Purkinje cells as previously described (40) , our data revealed no difference in NOX4 protein levels in Atm-knockout mice compared with controls (Fig. 5B) . These results were confirmed by immunoblot with the findings that NOX4 and Cleaved Caspase 3 remained unchanged in these two cohorts (Fig. 5C) . The higher level of γ-H2A. X and Cleaved Caspase 3 in the cerebellum may be explained by increased transcriptional activity in this specific region of the brain (41) , whereas the absence of γ-H2A.X in Atm-knockout tissues may be the consequence of the lack of Atm functional activity in these animals.
It is widely assumed that the lack of cerebellum degeneration in Atm-knockout mice is due to their early death at 3-4 mo from cancer (38, 42) so that cerebellar degeneration does not have time to occur. If this is the case and NOX4 levels are intimately involved in manifesting A-T disease, then inhibiting NOX4 may decrease the incidence of growth of tumors in the mice. To test this hypothesis, we compared ATM WT and KO mice that had been injected with fulvene-5. No behavioral changes were observed among the four cohorts, but the ATM KO mouse cohort showed higher incidence of thymic lymphoma, which was greatly reduced when ATM KO mice were given the NOX4/NOX2 inhibitor fulvene-5 (Fig. 5D) .
Taken together, our results provide, to our knowledge, the first evidence that ATM deficiency leads to elevated NOX4 expression in human cerebellum. This increased NOX4 expression gives rise to chronic oxidative stress that induces accrued amounts of oxidative DNA lesions. The persistence of these high levels of oxidative lesions over years, coupled with the deficiency in the DNA repair due to the lack of ATM, may accelerate apoptosis and other degradative processes in human A-T patients (Fig. 5E) . However, although NOX4 is critical for A-T phenotype, there may be other potential sources of oxidative stress in A-T disease.
These results suggest that the two major manifestations of A-T disease in humans and mice may both be due to at least in part to elevated levels of NOX4. This study shows that NOX4 may be a putative target for future therapeutic intervention in A-T neurodegeneration in humans, and opens up new lines of investigations toward the understanding of the specific mechanisms underlying the regulation of NOX4 by ATM.
Materials and Methods
In Vivo Studies (Mice). Heterozygote ATM mice (SvEvTac-Atm tm1Awb /J) were purchased from Jackson Laboratory (stock no. 002753), and used to generate mice homogygous for Atm. All animal procedures were performed according to protocols approved by NCI-Frederick Animal Care and Use Committee , and γ-H2A.X and cleaved caspase 3 (Right). *P < 0.05; **P < 0.001; ***P < 0.0001. (ACUC). Fulvene-5 treatment was performed as described (17) . From day 1 to day 14, mice were treated with fulvene-5 by making a stock solution of 4 mg of fulvene-5 compound dissolved in 100 μL of 100% ethanol plus 1. 
